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1
ONCE-THROUGH VERTICAL
EVAPORATORS FOR WIDE RANGE OF
OPERATING TEMPERATURES

TECHNICAL FIELD

The present disclosure relates generally to once-through
evaporators and, more specifically, to once-through evapora-
tors that minimize flow instabilities for improved reliability
and performance over a wide range of operating conditions.

BACKGROUND OF THE INVENTION

Generally speaking, once-through evaporator technology
may be employed within generating systems such as, for
example, steam generating systems, and include multiple
heat exchange sections or stages. Typically, there are two heat
exchange stages. In a first or primary evaporator stage, a fluid
such as, for example, feed water, is partially evaporated to
produce a steam/water mixture. In a second or secondary
evaporator stage the fluid is further evaporated to dryness and
the steam is superheated.

As shown in FIG. 1, a conventional once-through evapo-
rator 10 includes heat exchange stages, e.g., primary evapo-
rator stage 20 and secondary evaporator stage 30 that each
includes a parallel array of heat transfer tubes 22 and 32,
respectively. Mass flow rate within internal portions of the
tubes 22 and 32 is controlled by buoyancy forces, for
example, density differences induced by heat transfer to the
fluid in the tubes such that the mass flow rate is proportional
to the heat input to each individual tube within the arrays of
tubes 22 and 32. One type of evaporator uses vertical tubes
arranged as a sequential array of individual tube bundles.
Each tube bundle (e.g., a bundle 32A of FIG. 1), also referred
to as a harp, has one or more rows of tubes that are transverse
to a flow of a hot gas 40 (e.g., a flue gas). The individual harps
32A are arranged in the direction of gas flow so that a down-
stream harp (e.g., a harp 32B) absorbs heat from the gas of a
lower temperature than the upstream harp 32A. In this way,
the heat absorbed by each harp in the direction of gas flow is
less than the heat absorbed by the upstream harp.

As shown in FIG. 1, the primary evaporator stage 20 (e.g.,
the array of tubes 22) receives a fluid 12 (e.g., feed water) at
an inlet manifold 24 and distributes a water/steam mixture 14
(e.g., a two-phase flow) from an outlet manifold 26 of the
primary evaporator stage 22 into the secondary evaporator
stage 30 (e.g., the array of tubes 32) where dry-out and super-
heating takes place. The secondary evaporator stage 30
includes a plurality of inlets 34, one or more inlets at each of
the harp bundles of the secondary stage 30. As such, the
two-phase flow 14 passes through each branch of the second-
ary stage 30, e.g., harps 32A and 32B, and the harps disposed
therebetween.

Operating experience has shown that flow instabilities can
develop in the primary evaporator stage 20, which can lead to
fluctuating temperatures within the tubes 32 of the secondary
evaporator stage 30. The fluctuating temperatures can lead to
fluctuating thermal stress within the tubes and may result in
various tube failures such as, for example, tube cracks. Tech-
niques are known to minimize flow instabilities in the primary
evaporator stage. For example, it is known that by increasing
the pressure drop across individual harps within the array of
tubes 22, flow rates that would normally be controlled by
buoyancy can be overcome. Techniques employed include
installing an orifice in the inlet of each row of the tubes 22 or
reducing an inside diameter of the inlets or tubes themselves.
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Calculations show that different distributions of resistance
for each row of tubes in the primary evaporator maintain
stability over a range of operating conditions. However, this
limits the stable operational range for a given primary evapo-
rator configuration. For example, a set of orifices designed to
provide stability at full load operation may not be effective in
partial load operation. As such, instabilities may occur during
operation at partial loads. Moreover, an additional problem
that can limit the operation of the evaporator at low load is that
at low mass flow rates the velocities in the downcomer, e.g.,
conduit 28 of FIG. 1, that passes the two-phase flow 14 from
the outlet manifold 26 of the primary evaporator stage 20 into
the secondary evaporator stage 30, may become too low to
carry steam bubbles down and away from the outlet manifold
26. As aresult there can be a build-up of steam either or both
in a top portion of the downcomer (conduit 28) and/or at the
primary evaporator outlet manifold 26. A build-up of steam
may induce additional flow instabilities.

Accordingly, there is a need to develop systems and meth-
ods for mitigating flow instabilities and fluctuating thermal
stress that can result therefrom to minimize tube failure.

SUMMARY

According to aspects illustrated herein, there is provided an
evaporator for steam generation. The evaporator includes a
plurality of primary evaporator stages and a secondary evapo-
rator stage. Each of the plurality of primary evaporator stages
includes one or more primary arrays of heat transfer tubes, an
outlet manifold coupled to the one or more primary arrays of
tubes, and a downcomer coupled to the outlet manifold. Each
of'the primary arrays of tubes has an inlet for receiving a fluid
and is arranged transverse to a flow of gas through the evapo-
rator. The flow of gas heats the fluid flowing through the
primary arrays of tubes to form a two phase flow. The outlet
manifold receives the two phase flow from the primary arrays
of'tubes. The downcomer distributes the two phase flow from
the outlet manifold as a component of a primary stage flow.
One or more of the plurality of primary evaporator stages
selectively form the primary stage flow from respective com-
ponents of the two-phase flow, and provide the primary stage
flow to the secondary evaporator stage. The secondary evapo-
rator stage includes one or more secondary arrays of heat
transfer tubes. Each of the secondary arrays of tubes is
coupled to an inlet and is arranged transverse to the flow of
gas through the evaporator.

In one embodiment, the inlet of each of the secondary
arrays of tubes is comprised of a common inlet for all the
secondary arrays of tubes such that the primary stage flow is
received in parallel across all of the secondary arrays of tubes.
In another embodiment, the inlet of each of the secondary
arrays of tubes is comprised of an individual inlet for each of
the secondary arrays of tubes. The individual inlet is coupled
to the downcomer of a respective one of the plurality of
primary evaporator stages such that the individual inlet
receives the component of the primary stage flow from the
downcomer.

Inyet another embodiment, the evaporator further includes
at least one valve coupled to the inlet of each of the primary
arrays of tubes. The valve is selectively controlled to close off
the selected primary array of tubes. For example, the valve
regulates at least one of pressure drop and mass flow rate
between one or more of the primary arrays of tubes to mini-
mizing steam build up in the primary evaporator stage.

BRIEF DESCRIPTION OF THE DRAWINGS

Referring now to the Figures, which are exemplary
embodiments, and wherein the like elements are numbered
alike:
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FIG. 1 is a simplified block diagram of a conventional two
stage once-through evaporator;

FIG. 2 is a simplified block diagram a once-through evapo-
rator configured and operating in accordance with one
embodiment;

FIG. 3 is a simplified block diagram a once-through evapo-
rator configured and operating in accordance with another
embodiment; and

FIG. 4 is a simplified block diagram a once-through evapo-
rator configured and operating in accordance with another
embodiment.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

Disclosed herein are systems and methods for control and
optimization of at least one of pressure, mass flow rate and
differential temperature within evaporators such as, for
example, once-through evaporators employed within, for
example, generation plants. The control and optimization
system selectively adjusts pressure, mass flow and/or tem-
perature within tubes of the evaporator flow to eliminate
and/or substantially minimize instabilities and fluctuating
thermal stress to improve and/or prolong, for example, opera-
tional life of the tubes.

In one embodiment, illustrated in FIG. 2, a once-through
evaporator 100 includes two heat exchange stages, a primary
evaporator stage 110 and a secondary evaporator stage 150.
Each stage includes a plurality of parallel arrays of heat
transfer tubes, shown generally at 120 and 160. Each of the
arrays 120 and 160 includes one or more harps. For example,
the primary evaporator stage 110 includes the array 120 hav-
ing harps 122,124,126, 128,130, 132,134,136 and 138. The
secondary evaporator stage 150 includes the array 160 having
harps 162, 164, 166, and 168. Each of the harps includes one
or more rows of tubes that are transverse to a flow of gas 180
(e.g., ahot gas, a flue gas, and the like) through the evaporator
100. For example, the harp 122 includes one or more lower
tubes 122a, one or more lower headers 12254, one or more
intermediate tubes 122¢, one or more upper headers 1224 and
one or more upper tubes 122¢ in fluid communication and
extending vertically upward from the lower tube 122a
through to the upper tube 122¢. In one embodiment, each of
the harps 124, 126, 128, 130, 132, 134, 136, 138, 162, 164,
166 and 168 are configured similarly to harp 122. It should be
appreciated that, for clarity and not as a limitation of the
present disclosure, FIGS. 2-4 illustrate each of the arrays of
harps 120,160, 210, 250, 310, and 320 as including one lower
tube, one lower header, one intermediate tube, one upper
header and one upper tube.

In the evaporator 100, the primary evaporator stage 110
receives a fluid 112 (e.g., feed water). The fluid 112 at least
partial evaporates in the primary evaporator stage 110 and is
distributed as a two-phase flow 139 (e.g., a water/steam mix-
ture) from an outlet manifold 135 of the primary evaporator
stage 110 into the secondary evaporator stage 150 via a con-
duit 137 (e.g. a downcomer). In the secondary evaporator
stage 150 dry-out and superheating of the flow 139 takes
place. As described above with reference to FIG. 1, mass flow
rate within internal portions of the tubes of an evaporator is
typically controlled by buoyancy forces, for example, density
differences induced by heat transfer to the fluid in the tubes. In
FIG. 2, one or more valves 140 are used to provide variable
pressure drops for one or more of the arrays of tubes 120 in the
primary evaporator stage 110. For example, valves 122f, 124/,
1261, 128/, 1307, 132/, 134f, 136/ and 138/ are respectively
coupled to the lower tubes of harps 122, 124, 126, 128, 130,
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132, 134, 136 and 138. The valves 140 are selectively con-
trolled to regulate at least one of pressure and/or mass flow
within the arrays of tubes 120 in the primary evaporator stage
110 individually, in total, or in any combination thereof. For
example, at a low flow rate, the valves 140 are controlled to
completely stop a flow of liquid (e.g., feed water) in one or
more of the arrays 120 of the primary evaporator stage 110.
The stoppage of flow in selective arrays 120 (e.g., one or more
of the harps 122, 124, 126, 128, 130, 132, 134, 136 and 138)
permits, for example, an increase of flow through remaining
ones of the arrays 120. This ability to balance the flow of
liquid through the primary evaporator stage 110 prevents or,
at least substantially minimizes, steaming or too high an exit
liquid quality, in the primary evaporator stage 110. In one
embodiment, harps at a rear portion (e.g., the rear being a
direction away from the direction of the gas flow 180) of the
primary evaporator 110 (e.g., starting at harp 138 and pro-
ceeding to harp 136, next to harp 134, then to harp 132, etc.)
receive the gas flow 180 at a lower temperature. One or more
of the harps at the rear portion may be selectively operated
without fluid. Additionally valves 142 are selectively con-
trolled to regulate and balance flow (e.g., portions of the
two-phase flow 139) into the harps 162, 164, 166, and 168 of
the secondary evaporator stage 150 to maintain a more uni-
form exit quality and/or temperature to control tube-to-tube
temperature differences.

Moreover, it should be appreciated that the valves 122f,
1241, 1261, 128f, 1301, 132/, 134/, 136/ and 138/ of the pri-
mary evaporator stage 110 and/or valves 142 of the secondary
evaporator stage 150 may selectively control a flow rate into
each harp such that a flow leaving one or more of the harps
(e.g., via the upper tube such as the upper tube 122¢ of harp
122) is heated to a required or predetermined value of tem-
perature or quality. At least one perceived advantage of this
selective control of the flow rate through a harp is an elimi-
nation, or substantial minimization, in instability of the flow
at all operating conditions.

In another embodiment, illustrated in FIG. 3, a once-
through evaporator 200 includes a plurality of primary evapo-
rator stages 210 (e.g., three stages 210A, 210B and 210C are
shown for illustration) and a secondary evaporator stage 250.
The plurality of primary evaporator stages 210 receives the
fluid 112. The fluid 112 at least partially evaporates in one or
more of the primary evaporator stages 210 and is distributed
as atwo phase flow 239 (e.g., a flow of water and steam) from
the primary evaporator stages 210. For example, the plurality
of primary evaporator stages 210 selectively cooperate to
provide the two phase flow 239 to the secondary evaporator
state 250. As shown in FIG. 3, a first primary evaporator stage
210A provides a first component 239A of the flow 239 from
an outlet manifold 235A through a first conduit or down-
comer 237A, a second primary evaporator stage 210B pro-
vides a second component 239B of the flow 239 from an
outlet manifold 235B through a second conduit or down-
comer 237B, and a third primary evaporator stage 210C pro-
vides a third component 239C of the flow 239 from an outlet
manifold 235C through a third conduit or downcomer 237C.
One or more of the components 239A, 239B and 239C of the
two phase flow may be combined to form the two phase flow
239 from the plurality of primary evaporator stages 210 thatis
provided to a common inlet 234 for the secondary evaporator
stage 250.

It should be appreciated that the use of the plurality of
primary evaporator stages 210 provides that, for example, at
low load conditions (e.g., about forty percent (40%) of full
load of the evaporator 200) one or more of the primary evapo-
rator stages 210A, 210B and 210C can be closed off. By
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closing off one or more of the primary evaporator stages
210A, 210B and 210C, a velocity in remaining downcomers,
e.g., one or more of the downcomers 237A, 237B and 237C,
can be maintained at an appropriate or desirable magnitude to
eliminate, or at least substantially minimize, problems of
steam bubble rise and buildup. In one embodiment, the evapo-
rator 200 may include valves (such as valves 140 and 142 of
FIG. 2) employed to control a flow to individual harps of the
plurality of primary evaporator stages 210A, 210B and 210C
as well as harps of the secondary evaporator stage 250. The
valves may be used to close off one or more selected primary
evaporator stages. In one embodiment, an evaporator stages
may be taken out of service starting, for example, at a “back”
of'the primary evaporator stage, where a front and back of the
stages 210 are defined by a direction of gas flow through the
evaporator 200. Stages may be taken out of service at a
condition where instability develops as determined by, for
example, fluctuating temperatures at the outlet of the second-
ary evaporator 250. Such instability may be due to, for
example, steam buildup in the primary evaporator outlet
manifold 235A-235C and/or relatively low velocities of flow
through the downcomers 237A-237C.

In another embodiment, illustrated in FIG. 4, a once-
through evaporator 300 includes a plurality of primary evapo-
rator stages 310 (e.g., four primary evaporator stages 310A,
310B, 310C and 310D are shown for illustration) and a sec-
ondary evaporator stage 320. Each primary evaporator stage
310 receives the fluid 112. The fluid 112 at least partial
evaporates in one or more of the primary evaporator stages
310 and is distributed as a two phase flow 339 (e.g., a flow of
water and steam) to the secondary evaporator stage 320. For
example, the plurality of primary evaporator stages 310A,
310B, 310C and 310D cooperate to supply components
339A-339D of the flow 339 to individual inlets 334A-334D
of the secondary evaporator stage 320 (e.g., inlets 334A-
334D of a plurality of secondary arrays of heat transfer tubes
320A, 3208, 320C and 320D) from a respective outlet mani-
fold 335A-335D through a respective conduit or downcomer
337A-337D. As shown in FIG. 4, a first primary evaporator
stage 310A provides a first component 339A of the flow 339
from an outlet manifold 335 A through a first conduit or down-
comer 337A to inlet 334 A of a fourth of the secondary array
of'tubes 320A, a second primary evaporator stage 310B pro-
vides a second component 339B of the flow 339 from an
outlet manifold 335B through a second conduit or down-
comer 337B to inlet 334B of a third of the secondary arrays of
tubes 320B, a third primary evaporator stage 310C provides a
third component 339C of the flow 339 from an outlet mani-
fold 335C through a third conduit or downcomer 337C to inlet
334C of a second of the secondary arrays of tubes 320C, and
a fourth primary evaporator stage 310D provides a fourth
component 339D of the flow 339 from an outlet manifold
335D through a fourth conduit or downcomer 337D to inlet
334D of a first of the secondary arrays of tubes 320D. It
should be appreciated that the above-described primary-to-
secondary evaporator stage arrangement provides for more
uniform outlet temperatures out of the secondary evaporator
320 as the flow from the rear most primary evaporator (e.g.,
the fourth primary evaporator stage 310D) that is of, for
example, a lowest quality, goes to a front most array of the
secondary evaporator stage (e.g., the first of the secondary
arrays of tubes 320D) where the gas temperature is the high-
est. In a similar manner, as the quality increases from the
primary evaporator stages progressively forward in the direc-
tion of gas flow the component of the two-phase flow 339
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from these stages goes to respective ones of the secondary
arrays of tubes 320A-320C with progressively lower gas tem-
peratures.

It should be appreciated that the use of the plurality of
primary evaporator stages 310 provides that, for example, at
low load conditions one or more of the primary evaporator
stages 310A, 310B, 310C and 310D can be closed off to
regulate a velocity in the remaining downcomers, e.g., one or
more of the downcomers 337A-337D. In one embodiment,
the evaporator 300 may include valves (such as valves 140
and 142 of FIG. 2) employed to control a flow to individual
harps of the plurality of primary evaporator stages 310 as well
as harps of the secondary evaporator stage 320.

As should be appreciated, the numbers of tubes (e.g.,
harps) in each evaporator stage (e.g., the primary evaporator
stages 210, 310 and the secondary evaporator stages 250,
320) is selected to avoid steaming in the primary evaporator
stages, achieve an optimal or preferred superheating in each
of the secondary evaporator stage, and achieve an optimal or
preferred mass flow to a corresponding secondary evaporator
stage to maximize heat transfer.

While the present disclosure has been described with ref-
erence to various exemplary embodiments, it will be under-
stood by those skilled in the art that various changes may be
made and equivalents may be substituted for elements thereof
without departing from the scope of the invention. In addi-
tion, many modifications may be made to adapt a particular
situation or material to the teachings of the invention without
departing from the essential scope thereof. Therefore, it is
intended that the invention not be limited to the particular
embodiment disclosed as the best mode contemplated for
carrying out this invention, but that the invention will include
all embodiments falling within the scope of the appended
claims.

What is claimed is:

1. An evaporator for steam generation, the evaporator com-
prising:

a first primary evaporator stage including:

a first inlet manifold for receiving a fluid;

a first primary array having at least one harp, each harp
including a plurality of heat transfer tubes, each harp
of'the first primary array in fluid communication with
the first inlet manifold for receiving the fluid and
arranged transverse to a flow of gas through the
evaporator, the flow of gas heating the fluid flowing
through the first primary array to form a two phase
flow exiting the harps of the first primary array;

a first outlet manifold coupled to the harps of the first
primary array to receive the two phase fluid there-
from; and

afirst downcomer fluidly coupled to the first outlet mani-
fold to pass the two phase flow therethrough;

a second primary evaporator stage including:

a second inlet manifold for receiving the fluid;

a second primary array having at least one harp, each
harp including a plurality of heat transfer tubes, each
harp of the second primary array in fluid communica-
tion with the second inlet manifold for receiving the
fluid and arranged transverse to the flow of gas
through the evaporator, the flow of gas heating the
fluid flowing through the second primary array to
form a two phase flow exiting the harps of the second
primary array;

a second outlet manifold coupled to the harps of the
second primary array to receive the two phase flow
therefrom; and
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asecond downcomer fluidly coupled to the second outlet
manifold to pass the two phase fluid therethrough; and

a secondary evaporator stage including:

a common inlet in fluid communication with the first
downcomer and the second downcomer to receive the
two-phase fluid from the first downcomer and the
second downcomer; and

a secondary array having at least one harp, each harp
including a plurality of heat transfer tubes, wherein
each harp of the secondary array is arranged trans-
verse to the flow of gas through the evaporator, and
wherein the common inlet is in fluid communication
with each of the harps of the secondary array to pro-
vide the two phase fluid from the first downcomer and
the second downcomer.

2. The evaporator of claim 1, further including:

a valve coupled to an inlet of each tube of the first and
second primary arrays, the valves being selectively con-
trolled to close off a selected first and/or second primary
array.

3. The evaporator of claim 1, further including:

a valve coupled to an inlet of each of the tubes of the
secondary array, the valve being selectively controlled to
close off a selected harps of the secondary array.

4. The evaporator of claim 1, wherein the first primary
array and the second primary array have a different number of
harps.

5. The evaporator of claim 1, wherein the first primary
array is disposed upstream of the second primary array in
relation to the direction of the flow of gas passing through the
evaporator, and wherein first primary array has fewer harps
than the second primary array.

6. The evaporator of claim 1, wherein the fluid is feedwater.

7. The evaporator of claim 1, further comprising a third
outlet manifold for receiving the fluid passing through each of
the harps of the secondary array.

8. The evaporator of claim 1, wherein the fluid is provided
to the bottom of the first primary array and second primary
array.

9. The evaporator of claim 1, wherein the secondary array
is disposed upstream of the first and second primary array in
relation to the direction of the flow of gas passing through the
evaporator.

10. The evaporator of claim 1, wherein heat transfer tubes
of the first primary array, the second primary array and the
secondary array are vertical tubes.

11. The evaporator of claim 1, wherein the two-phase fluid
from the first downcomer and the second downcomer to the
common inlet is unseparated.

12. The evaporator of claim 1, wherein substantially all the
two-phase fluid from the first downcomer and the second
downcomer is provided to the common inlet.

13. An evaporator for steam generation, the evaporator
comprising:

a first primary evaporator stage including:

a first inlet manifold for receiving a fluid;

a first primary array having at least one harp, each harp
including a plurality of heat transfer tubes, each harp
of'the first primary array in fluid communication with
the first inlet manifold for receiving the fluid and
arranged transverse to a flow of gas through the
evaporator, the flow of gas heating the fluid flowing
through the first primary array to form a two phase
flow exiting the harps of the first primary array;

a first outlet manifold coupled to the harps of the first
primary array to receive the two phase flow there-
from; and
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afirst downcomer fluidly coupled to the first outlet mani-
fold to pass the two phase flow therethrough;

a second primary evaporator stage including:

a second inlet manifold for receiving the fluid;

a second primary array having at least one harp, each
harp including a plurality of heat transfer tubes, each
harp of the second primary array in fluid communica-
tion with the second inlet manifold for receiving the
fluid and arranged transverse to the flow of gas
through the evaporator, the flow of gas heating the
fluid flowing through the second primary array to
form a two phase flow exiting the harps of the second
primary array;

a second outlet manifold coupled to the harps of the
second primary array to receive the two phase flow
therefrom; and

asecond downcomer fluidly coupled to the second outlet
manifold to pass the two phase fluid therethrough; and

a secondary evaporator stage including:

a first inlet to receive the two phase flow from the first
downcomer;

a second inlet to receive the two phase flow from the
second downcomer;

a secondary array having a plurality of harps, each harp
including a plurality of heat transfer tubes arranged
transverse to the flow of gas through the evaporator,
wherein at least one of the harps of the secondary
array is fluidly coupled to the first inlet to receive the
two-phase flow passing through the first downcomer
and at least one of the other harps of the secondary
array is fluidly coupled to the second inlet to receive
the two phase flow passing through the second down-
comer.

14. The evaporator of claim 13, further including:

a valve coupled to an inlet of each of tubes of the first and
second primary arrays, the valves being selectively con-
trolled to close off a selected first and/or second primary
array.

15. The evaporator of claim 14, further including:

a valve coupled to an inlet of each of the tubes of the
secondary array, the valve being selectively controlled to
close off a selected harps of the secondary array.

16. The evaporator of claim 13, wherein the first primary
array and the second primary array have a different number of
harps.

17. The evaporator of claim 13, wherein the first primary
array is disposed upstream of the second primary array in
relation to the direction of the flow of gas passing through the
evaporator, and wherein first primary array has fewer harps
than the second primary array.

18. The evaporator of claim 13, wherein the fluid is feed-
water.

19. The evaporator of claim 13, further comprising a third
outlet manifold for receiving the fluid passing through each of
the harps of the secondary array.

20. The evaporator of claim 13, wherein the fluid is pro-
vided to the bottom of the first primary array and second
primary array.

21. The evaporator of claim 13, wherein the secondary
array is disposed upstream of the first and second primary
array in relation to the direction of the flow of gas passing
through the evaporator.

22. The evaporator of claim 13, wherein heat transfer tubes
of the first primary array, the second primary array and the
secondary array are vertical tubes.
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